It has been realized that the shock wave effects play an important role in neutrino oscillations during the supernova explosion. In recent years, with the development of simulations about supernova explosion, we have a better understanding about the density profiles and the shock waves in supernovae than before. It has been shown that the appearance of shock waves not only varies with time, but is also affected by the mass of the supernova. When the mass of the supernova happens to be in a certain range (e.g. it equals 10.8 times the mass of the sun), there might be a reverse shock wave, another sudden change of density except the forward shock wave, emerging in the supernova.
I. INTRODUCTION
Since 1980's, supernova neutrinos have been a focus of our attention for a long time [1] - [3] . In recent years, the issues about neutrino detection experiments and simulations of supernova explosion have always been hotspots in scientific research fields [4] - [14] . Thanks to the results of simulations and development of theories on supernovae, the whole process of supernova explosion has been understood much better now [13] - [16] . The post bounce period, one stage in the process of supernova explosion, can be divided generally into the accretion phase and the cooling phase.
During the supernova explosion, both the collective effects and the shock wave effects play important roles in neutrino oscillations [17] [18] . As we know, in the post bounce period, a large number of supernova neutrinos go through the supernova matter, carrying an enormous amount of energy, and emit from the supernova [19] [20] . Meanwhile, the spreading outward energy makes significant changes to the supernova matter and arouses the shock wave, which has an impact on neutrino oscillations in the supernova [21] - [24] .
The essence of the shock wave effect is the Mikheyev-Smirnov-Wolfenstein (MSW) effect, caused by the interactions of neutrinos with matter and dominated by the density profile of the supernova as well as neutrino mixing angles [25] - [28] . The neutrino crossing probability in the high resonance, P H , will experience complex changes resulting from the high-density and unstable matter in the supernova [28] - [30] . In the past, the simplified model of supernova density profile, which only contains the forward shock wave, was used to study the behavior of P H [23] . With this method, we could roughly figure out the impact of the shock wave effects on neutrino oscillations in the supernova [31] - [33] . Afterwards, it was found that besides the forward shock wave there would be a reverse shock wave and some turbulence existing in the supernova during the process of explosion, all of which have influences on neutrino oscillations [34] - [39] . Presently, from the results of simulations aiming at different supernova models, it is known that the actual density profiles in supernova are distinctly different from one to another due to the difference of their masses [35] [38] . For this reason, the original simplified model of the density profile cannot provide the images of time-varying densities in different supernova models comprehensively. Therefore, one has to find out the images in other ways.
One possible way is to get new simplified density profiles according to the simulation results of different supernova models, respectively. In this way, it is necessary to do data analysis and fitting for densities, which is beyond the scope of the present work. Therefore, we decide to use the simulation results of supernova density profiles to discuss the variations of P s (the survival probability of ν e → ν e ) and P c (the conversion probability of ν x → ν e , ν x represents ν µ and ν τ ) instead of applying the simplified model of density profiles to study the behavior of P H . This paper is divided into five parts. In Section 2, we give a brief review about neutrino oscillations in matter. In Section 3, we use the simulation results of three supernova models to give the images of time-varying density profiles in order to find the similarities and differences among them. In Section 4, based on the theory in Section 2 and using the density data in Section 3, we calculate P s , P c and the ratio of ν e remained after neutrinos go through the matter in three supernova models. In addition, we compare the diverse appearances of shock waves among these supernova models and extract how the time-dependent matter affects neutrino oscillations in supernovae. The last section consists of a summery and some discussions of this paper.
II. NEUTRINO OSCILLATIONS IN MATTER
Neutrinos might be regarded as either a Dirac or a Majorana particle. No matter which kind of particle it is, eliminating the spin structure from its propagation equation yields the Klein-Gordon equation [28] . In the flavor basis, different from the case in vacuum, the propagation equation of neutrino in matter has a potential energy item, which stems from the interactions between neutrinos and matter,
In Eq. (1), ν α stands for neutrinos in flavor eigenstate, U the unitary transformation between the flavor and mass
A. The 8.8M⊙ model
In Fig. 1 it is shown how the density changes with the radius within 6 seconds after the supernova explosion in the
It can be seen that on each density curve there is an obvious decrease at about 10 1.5 km of radius, and this decline gets more and more notable with the increase of time. For example, at the time of 0.2 s, the density declines about 10 5 g/cm 3 from 10 km to 10 2 km, while when t = 6 s, the density declines about 10 7 g/cm 3 from 10 km to 10 1.5 km.
After the sharp decrease, the density continues to decline, but relatively slowly. In this slow-decline stage, from 10 2 km -10 4 km, the density goes down about 10 7 g/cm 3 . Except for the curve of 1 s, at the end of other curves, there
is an abnormal increase of density. Compared with the rise with some twists and turns on the curves of 2 s ∼ 6 s, at the end of 0.2 s and 0.5 s curves, the densities ascend slight increases. Yet on the curve of 1 s, there is no obvious increase at all.
Overall, in the 8.8M ⊙ model, no matter what time it is, the density decreases with the increase of radius if we do not take the ends of the curves into account. It is worth noting that the so-called shock wave caused by the changing density does not appear in the 8.8M ⊙ model at all. This is remarkably different from the simplified density profile we used previously [23] .
B. The 10.8M⊙ model
In Fig. 2 , there are 11 curves to demonstrate how the density varies with the radius at different times in the 10.8M ⊙ model. Fig. 1 , there is an abrupt density decrease at about 10 1.5 km of radius on each curve in Fig. 2 . Then the density continues to decline slowly in comparison with the previous sharp decrease. During this phase, it can be observed that there is a density "bulge" on each curve, which is the forward shock wave we studied before. At 0.5 s, it seems that this shock wave is a bit fuzzy, but after 1 s it becomes more and more evident and moves forward with time. On the curves of t 3 s, it can be seen that there is a density "concave" located behind the forward shock wave. That is the reverse shock wave, resulting from the supernova matter squeezing with the end of the shock wave.
Similar to
Just like the forward shock wave, the reverse shock wave also moves forward with time. On the curves of t 6 s, a small density "bump" appears on the forward shock wave, indicating that the changes of matter within the forward shock wave are very complicated. This phenomenon has never be mentioned before [23] [24] [32] .
Furthermore, it is found that all the curves in Fig. 2 converge to a line at the end of themselves. Through the curve fitting method, it is found that this converging line can be represented by ρ = r −2.7 approximately, in close proximity to ρ = r −3 , which is known as the expression of density distribution in a stable supernova as mentioned in
Refs. [24] [28].
C. The 18M⊙ model Same as Fig. 2, Fig. 3 shows the density profiles at 11 different points of time in the 18M ⊙ model. Just like the two former models, the density in the 18M ⊙ model also decreases rapidly at about 10 1.5 km judged from the appearance of each curve and then the density declines gradually. On the curve of t = 0.5 s, it seems that the forward shock wave is forming but not complete yet. While on other curves, it can be seen clearly that there is a forward shock wave moving with time. Also at the end of all curves, the density profiles of different times converge into a line. Compared with Fig. 2 , in which there is a density "concave" on the curves of t 3 s, it is found that the reverse shock wave is not formed throughout in the 18M ⊙ model.
The above three figures of density profiles have something in common. That is, at about 10 1.5 km of radius, there is an obvious density decline which gets more and more abrupt with time. It might be assumed that the core of the supernova, which is incredibly dense, is collapsing more and more quickly with time.
What is more, these three figures indicate that the mass of the supernova is very closely related to the shape of shock wave. If the mass is not big enough, taking the 8.8M ⊙ model as an example, there would be no shock wave (neither the forward shock wave nor the reverse shock wave) appearing in the supernova. However, if the supernova mass is too massive, for instance, the 18M ⊙ model, the reverse shock wave would not arise in it. In other words, only when the mass of the supernova is neither too small nor too big, and within a certain range (from the three models, this range should be 8.8M ⊙ < the mass of SN < 18M ⊙ ), both the forward shock wave and the reverse shock wave will be generated in it. Moreover, the forward shock wave and the reverse shock wave do not appear at the same time.
The forward shock wave is formed within one second after the supernova explosion, while the reverse shock wave can been seen clearly after about 3 second of explosion.
IV. THE VARIATIONS OF Ps AND Pc IN DIFFERENT SN MODELS
In the previous section, the density profiles in three supernova models are displayed graphically and we have already known that in the 8.8M ⊙ model shock wave never exist and in the 18M ⊙ model only the forward shock wave can be generated, while both the forward and the reverse shock wave are formed in the 10.8M ⊙ model during the explosion.
No matter whether the shock wave exist and no matter how its appearance is, as long as we know the data of density profiles in supernova models, with the theory of neutrino oscillations in matter as formulated in Section 2, we can calculate the survival probability of ν e → ν e , as well as the conversion probability of ν x → ν e . Given the discrete density values at some points of radius, by substituting the density values into Eq. (4) and through neutrinos' point-by-point evolution, then we can obtain the needed results.
A. The 8.8M⊙ model
In this subsection, based on the theory about the neutrino propagation in matter and applying the density profiles in Section 3, we will show in detail how P s and P c change in the 8.8M ⊙ supernova models, respectively.
In Fig. 4 , it is shown how the survival probability of ν e , P s , changes over time when the neutrino energy takes four different values. Because of the time interval between the density profiles at different time points, P s changes in a broken-line manner. As we can see from Fig. 4 , for E = 11, 16 and 25 MeV, the value of P s has a significant reduction from 0.2 s to 0.5 s. After 1 second, P s is changing all the time, but its changes are very small, and the value of P s is basically no more than 0.05. While for the line of E = 40 MeV, P s has small changes before 1 s without dramatic decline, then with the increase of time its value twists and turns up to 0.2 at 6 s.
Fig. 5 details how P s varies with time and the neutrino energy in a three-dimensional graph. It looks that P s changes continuously because the curves were processed by "ployfit" under the assumption that there is no sudden change between different time points. This method is also used in other three-dimensional graphs in the following passage. It is found that at the early stage of explosion (t 1 s) and when the neutrino energy is relatively small (E 10 MeV), the value of P s is relatively large but declines abruptly in a short time. These obvious changes form some sharp protuberances at the corner of the figure. Then with the increase of time and the neutrino energy, P s goes into the next stage, in which the variations of P s are smoother compared with before. Although there are many small fluctuations, the value of P s always keeps below 0.1 basically in this stage. But as the time is later than 4 s and at high neutrino energy (E 40 MeV), some large fluctuations appear, which means P s is greatly affected by time and the neutrino energy during this period. In parallel with the increase of time and the neutrino energy, P s is rising with fluctuations in the area of t 5 s and E 60 MeV, and its value is even close to 0.5 ultimately.
At the same time, we also calculate the conversion probability of ν x → ν e , P c , in the 8.8M ⊙ model. Fig. 6 shows the time-dependent changes of P c , where the neutrino energy is taken the same values as in Fig. 4 . Different from P s , the value of P c is relatively large. When t = 0.2 s, for E = 11, 25 and 40 MeV, P c is greater than 0.9; for E = 16 MeV, P c is greater than 0.75. With time increasing from 0.2 s to 0.5 s, the value of P c rises up to about 0.97 for all the lines of different neutrino energy. In generally, for E = 11, 16, 25 MeV, P c always keeps above 0.95 in spite of some small changes after 0.5 s. While for E = 40 MeV, the value of P c shows a downward trend roughly over the same time period, and decreases to about 0.82 at 6 s.
In Fig. 7 , it can be seen how the P c varies with time and the neutrino energy. At the beginning of explosion (t 1 s) and at low neutrino energy (E 20 MeV), P c has abrupt changes so there are some "upside-down peaks" in the corner of this figure. Then the value of P c goes up and down, and maintains between 0.8 and 1 basically. As time goes on and the neutrino energy gets bigger, in the area of t 4 s and E 50 MeV, the extent of variations become more and more remarkable.
By comparing Fig. 7 with Fig. 5 , it seems that if P s can be rotated 180 degrees with respect to the XY plane,
we would obtain the figure of P c . If so, the sum of P s and P c would equal 1, then it means the number of ν e is unchangeable even neutrino oscillations exist in the supernova. If the result of P s added to P c is greater than 1, it means the number of ν e is more than that when they are emitted. Otherwise, the result of less than 1 implies that the number of ν e is less than the original number. In order to find whether the number of ν e loses or increases, the results of P s added to P c as the function of the neutrino energy are shown in Fig. 8 .
Because the result of 0.2 s is quite a bit different from those of other points of time, the results are shown in two figures. In the left figure, it is found that when t = 0.2 s, the number of ν e is severely changeable with the neutrino energy, which means at the beginning of explosion, the conversion between ν e and ν x is very drastic. In the right figure, we can see the results are always changing but trend toward stability compared with the case of 0.2 s and keep within the range of 0.93 -1.07. That is, the losing and increasing ratio of ν e are both no more than 7% during 0.5 s -6 s of explosion.
In Fig. 9 Fig. 4 , it seems that the time-varying fluctuations of P s in the 10.8M ⊙ model are much less than those in the 8.8M ⊙ model.
The variations of P s with time and the neutrino energy in the 10.8M ⊙ model is shown by a three-dimensional graph in Fig. 10 . At 0.5 s, the value of P s changes significantly with the increase of the neutrino energy, so there are many fluctuations along the axis of the neutrino energy. From t = 0.5 s to t = 1 s, P s has an abrupt decrease, which is in accord with the case shown in Fig. 9 at the beginning of explosion (t 1 s), P s has abrupt changes in a short time and fluctuates significantly with the neutrino energy; in the area of large neutrino energy and during the later time of explosion, fluctuations of P s become obvious and frequent.
In Likewise, we also plot the results of P s added to P c to find how the number of ν e changes in the 10.8M ⊙ model. Fig. 8 , there are two figures in Fig. 13 . In the left figure, it can be seen that at 0.5 s, the results hover drastically around 1 with the increase of the neutrino energy, which means at this point of time, the conversion of ν e and ν x is very dramatic and greatly affected by the neutrino energy. By contrast, the results of other points of time are relatively stable. The right figure indicate that from 1 s to 10 s of the explosion, the sum of P s and P c fluctuates in the range of 0.96 and 1.01. At 1 s, the results exceed 1 occasionally, while from 2 s to 10 s, the results are almost under the lever of 1, which illustrates that the number of ν e is more likely to lose during this period. The losing rate and the increasing rate of ν e is less than 4% and 1%, respectively.
Same as
C. The 18M⊙ model
In Fig. 14 , it is illustrated how P s changes as the function of time at four different neutrino energies in the 18M ⊙ model. In this figure, we can see that at 1 s, for the four neutrino energies, P s drops below 0.05 from its original value, and then it remains so until the end of time.
In Fig. 15 , it is found that P s has many prominent fluctuations at 0.5 s with the change of the neutrino energy.
After 1 s, no change can be observed so the value of P s almost becomes a plane in the three-dimensional graph. This phenomenon corresponds to the straight lines from 1 s to 10 s in Fig. 13 . The value of P s is very close to 0, meaning that ν e almost completely convert into ν x during this period.
In Fig. 16 , for the four lines of different neutrino energies, the value of P c in the 18M ⊙ model has an obvious rise at 1 s and then basically remains constant although the time is changing. The only noticeable one is a slight decline at 1 s for E = 11 and 16 MeV.
In Fig. 17 , it can be seen that P c changes with the neutrino energy very significantly at 0.5 s. Just like Fig. 7 and Fig. 12 , there are many fluctuations on the edge of the figure. From 0.5 s to 1 s, the value of P c goes up obviously, which can be seen more clearly in Fig. 16 . After the marked change, P c is nearly invariable and remains broadly flat over the rest of the region consisting of time and the neutrino energy. And the value of P c always near 1 suggests that almost all ν x convert into ν e after 1 second of explosion.
In the left picture of Fig. 18 , the line of 0.5 s varies with the neutrino energy remarkably. But on other lines, it is difficult to observe significant changes. In the right figure, it is shown that the variations of results at low energies (E 30 MeV) are a little remarkable than those at high energies during the time of 1 s -10 s. But the change interval is always between 0.975 and 1.01. In other words, the permissible losing rate of ν e is no more than 2.5% and the increasing rate is no more that 1% during this time.
V. SUMMERY AND DISCUSSIONS
By comparing the variations of P s in three models, it is observed that at the start of explosion (t < 1 s), P s changes abruptly in a short time and changes significantly with the neutrino energy. Later on, it remains relatively stable.
But with the increase of time and the neutrino energy, fluctuations of P s start to get more and more prominent in the Similar to the variations of P s , P c in three models also have an abrupt change before 1 s and can be affected obviously by the neutrino energy at the initial stage of explosion. Followed by a relatively stable phase, P c restarts to fluctuate over time and with the increase of the neutrino energy. Same as the case of P s , with the increase of supernova mass in the model, the relative stable area of P c is getting bigger and bigger.
By plotting the results of P s added to P c in three models, we can analyze how the number of ν e changes with the neutrino energy at different times. It turns out that the number of ν e is extremely unstable at the beginning of explosion (t < 1 s), reflecting the dramatic conversions between ν e and ν x . During the next period of explosion
(1 s -6 s for the 8.8M ⊙ model; 1 s -10 s for the 10.8M ⊙ and the 18M ⊙ model), the number of ν e has some small changes with time and the neutrino energy. Generally, if we could detect ν e after one second of explosion outside the supernova, compared with the moment when ν e is just emitted, the number of ν e might be increasing or reduced. Its change rate is no more than 7%, 4% and 2.5% in the 8.8M ⊙ , 10.8M ⊙ and 18M ⊙ models, respectively. It seems that the number of ν e is more stable in the more massive supernova, although the conversions between ν e and ν x are very drastic.
In summary, the supernova mass in the model determines the density profiles in the supernova. Consequently, it can affect the interactions between neutrinos and matter, and then make changes to P s , P c and the number of neutrinos that can be detected. So it needs to be stressed that the supernova mass is an important factor when properties of supernova neutrinos are studied.
There is no doubt that if we want to obtain the number of neutrinos that can be detected on the earth, discussing the shock effects is merely not enough. In Refs. [31] [32], we have already studied on the earth effects comprehensively and the relevant researches on the collective effects are ongoing currently [40] - [47] . So far, we have already known that the collective effects are very important on the conversions between different neutrinos and affect other aspects about neutrinos, such as the mass hierarchy and luminosity [41] [46] . With the progress of study on the impacts of shock wave effects and collective effects, it is possible to obtain the results in good agreement with experiments.
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